Precise regulation of transcription is crucial for the cellular mechanisms underlying memory formation. However, the link between neuronal stimulation and the proteins that directly interact with histone modifications to activate transcription in neurons remains unclear. Brd4 is a member of the BET protein family, which binds acetylated histones and has a critical role in numerous cell types in regulating transcription, including in the response to external cues. Small molecule BET inhibitors are in clinical trials, yet almost nothing is known about Brd4 function in the brain. Here we show that Brd4 is a key player in neuronal function and mediates the transcriptional regulation underlying learning and memory. The loss of Brd4 function affects critical synaptic proteins, which results in memory deficits in mice but also decreases seizure susceptibility. Thus, Brd4 provides a critical, and previously uncharacterized, link between neuronal activation and the transcriptional responses that occur during memory formation.
Brd4 in mice is lethal 15 and recent elegant work indicates that small molecule inhibitors of BET proteins represent a promising therapeutic strategy for several types of cancer [16] [17] [18] . Brd4 also regulates stimulus-dependent transcription in postmitotic cells by recruiting PTEFb to target promoters in response to extracellular signals 13, 19 . While P-TEFb recruitment is necessary for transcriptional elongation in neurons 20 , the link between neuronal stimulation and the proteins that directly interact with histone modifications to activate transcription remains unclear.
Brd4 is well-positioned to regulate transcription in neurons in response to neuronal activation. Acetyl marks are critical to brain function and are linked to memory formation and multiple neurological disorders 21 . Brd4 activity is regulated by casein kinase 2 (CK2) 14 , which is activated in response to neuronal stimulation 22 . In addition, a full understanding of if and how Brd4 functions in the brain is of particular importance now as multiple BET protein inhibitors are currently in clinical trials.
Here we show that Brd4 is critical to neuronal function and mediates the transcriptional regulation underlying learning and memory. We find that Brd4 regulates IEG transcription in neurons in response to activity and is regulated by CK2. Loss of Brd4 function affects critical synaptic proteins and the BET inhibitor Jq1 results in memory deficits and decreases seizure susceptibility in mice. These results provide the first demonstration of Brd4 function in the brain and provide a critical link between neuronal activity and transcriptional activation that underlies memory formation. In addition, our data call attention to the potential for small molecule inhibitors of BET proteins such as Jq1 to cause neuronal deficits. While BET protein inhibitors are a promising therapeutic strategy for several types of cancer 17, 18, [23] [24] [25] , modifications preventing blood-brain barrier penetrability may be necessary to prevent neurological side effects.
Results

Brd4 is expressed in neurons
We examined Brd4 expression in adult mice using an antibody that detects the full-length form of Brd4 and found that it is expressed throughout the brain (Fig. 1a, Supplementary  Fig. 1a ). Brd4 positive cells typically express NeuN but not GFAP in both cortex and hippocampus ( Fig. 1b-i) indicating that Brd4 is present in neurons while generally not seen in glial cells. In addition, we separately cultured cortical neurons and glia and found that neurons contain more Brd4 mRNA and protein than glial cells (Fig. 1j, k) . Both CamKIpositive excitatory neurons and GABA-positive inhibitory neurons express Brd4 ( Supplementary Fig. 1b, c) . Finally, we treated cultured neurons with brain-derived neurotrophic factor (BDNF) to mimic physiological activation in the brain 6 , which resulted in small increases in Brd4 mRNA and protein ( Supplementary Fig. 1d-f ).
Brd4 regulates IEG transcription in neurons
Similar to other post-mitotic cells that require Brd4 13, 19 , neurons activate a subset of genes (IEGs) in response to external signals. This rapid response is critical to the consolidation of synaptic modifications underlying synaptic plasticity and memory formation [3] [4] [5] [6] . We examined whether Brd4 is involved in transcriptional activation in neurons using the small molecule inhibitor Jq1 which blocks BET proteins from binding to acetylated histones 18 . After pretreatment with Jq1 or the negative enantiomer (−)Jq1, cultured cortical neurons were stimulated with BDNF (Fig. 2a) . As expected, BDNF caused a rapid increase in transcripts of IEGs Arc and Fos. However, pre-treatment with Jq1 blocked the BDNFinduced increase (Fig. 2b, c) . Rapidly induced IEGS such as Arc and Fos have PolII poised on their promoters to allow for immediate activation, while other IEGs such as Nr4a1 must both recruit and phosphorylate PolII to activate transcription 20 . We found that Jq1 also prevented the activity-induced increase Nr4a1 (Fig. 2d) indicating that Jq1's affects are not limited to IEGs with poised PolII.
We similarly examined the effects of Jq1 on tetrodotoxin (TTX) withdrawal which rapidly increases neuronal activity. Neurons were treated with TTX for 2 days after which Jq1 or the negative enantiomer was added before TTX was removed from media. Jq1 again prevented rapid IEG induction ( Fig. 2e-g ). Interestingly, Jq1 cannot prevent IEG activation after long periods of BDNF stimulation, suggesting that Jq1 only affects the rapid increase in transcription, wherease at later times signaling may be robust enough to overcome BET inhibition ( Supplementary Fig. 2a-c) . Because Jq1 also inhibits other members of the BET protein family, we tested whether loss of Brd4 is sufficient to block IEG induction. Partial knockdown of Brd4 with a lentivirus also blocked BDNF-induced IEG expression but did not block upstream pathways such as MAPK signaling (Fig. 2h-j, Supplementary Fig. 2d , e). These data fit with a model similar to that observed in other cell types in which Brd4 recruits P-TEFb to promote PolII phosphorylation to allow for rapid transcriptional elongation.
To confirm that the loss of transcriptional activation results in a corresponding change in protein levels, we examined Arc protein expression at 30 minutes when newly transcribed mRNA has been translated into protein. As expected, Jq1-treated neurons exhibited less Arc protein induction than control neurons (Fig. 2k, l) . Similarly, transfection of small interfering RNAs (siRNAs) targeted against Brd4 blocked the BDNF-induced increase in Arc protein whereas transfection with non-targeting siRNA or siRNAs targeted against the other BET family members did not (Fig. 2m, n, Supplementary Fig. 2f-i) . BrdT is testesspecific so was not tested. To ensure that the loss of Arc induction was not due to off-target effects, we tested two distinct Brd4 siRNAs which also blocked BDNF-induced Arc expression ( Supplementary Fig. 2j-l) .
Finally, we sought to determine which of Brd4's known functions is responsible for its effects in neurons. Full-length Brd4 can function by recruiting complexes such as pTEFb and Mediator to trigger elongation whereas both the long and short forms of Brd4 can promote PolII progression through acetylated nucleosomes after elongation begins 26 . We found that only the long form of Brd4 affects Arc expression ( Supplementary Fig. 2m ) indicating that Brd4 is likely functioning in neurons by recruiting co-activating complexes to target genes.
a potent stimulation such as BDNF due to the cumulative loss of the response to endogenous signaling from other neurons over a long period of time. Indeed, we found that by 24 hours Jq1 decreased Arc, Fos, and Nr4a1 transcripts ( Supplementary Fig. 2n ). We also confirmed that long-term disruption of this BET function did not cause widespread disruption of chromatin acetylation ( Supplementary Fig. 2o ) as expected from its function as reader protein. Finally, we showed that Jq1 did not block upstream signaling pathways by demonstrating that MAP Kinase phosphorylation is intact (Supplementary Fig. 2p ).
Together, these data demonstrate that Brd4 is responsible for transcription of IEGs in neurons.
Genome-wide effects of Jq1
While Brd4 clearly regulates specific IEGs, inhibition of Brd4 likely also affects a wider range of genes. We used RNA-sequencing to examine BDNF induction of IEGs after Jq1 treatment and long-term effects of Jq1. An extended pretreatment of Jq1 followed by BDNF stimulation ( Supplementary Fig. 3a ) recapitulated the effects of Jq1 on induction of the specific IEGs previously examined but did not affect the housekeeping gene Gapdh (Fig.  3a) . We expanded this comparison to all genes significantly induced by BDNF and found a consistent decrease in induction in the presence of Jq1 (Fig. 3b, Supplementary Fig. 3b ), supporting a model in which Brd4 mediates the rapid response to neuronal activity. In addition, we also examined the effects of 24 hours of Jq1 treatment in the absence of exogenous stimulation. At this later time point, the effects of the loss of IEG transcription in response to basal levels of endogenous neuronal signaling will be apparent. We found a highly significant overlap between BDNF-induced genes and those regulated by Jq1 alone of p < 0.000005. We also separately examined genes up-and down-regulated by Jq1 as down-regulated genes are more likely to be direct targets of Brd4 due its function as a transcriptional activator. Gene clusters most significantly down-regulated by Jq1 included genes involved in ion channel regulation and synapse function (Fig. 3c ). Jq1 treatment also increased genes involved in chromatin regulation and nuclear proteins ( Supplementary Fig.  3c ) which may be compensatory effects or indirect effects resulting from decreases in Brd4 target genes. To determine which histone modifications are responsible for recruiting Brd4 to target genes, we examined known Brd4 target acetyl marks and found that BDNF increased H3K14 and H4K16 acetylation at IEG promoters ( Supplementary Fig. 3d ) suggesting they may be involved in the stimulus dependent recruitment of Brd4. As expected, Jq1 did not affect these marks ( Supplementary Fig. 3e ).
Brd4 is regulated by casein kinase II in neurons
To better understand how Brd4 is targeted to chromatin in neurons, we next examined the mechanism underlying activation of Brd4 itself. We found that BDNF stimulation increased Brd4 association with promoter regions of IEGs suggesting that neuronal activity targets Brd4 to acetylated histones immediately after stimulation ( Supplementary Fig. 4a-c) . This effect was not observed for Brd2 or 3 ( Supplementary Fig. 4d-i) . To investigate how Brd4 is targeted to promoters, we explored the role of CK2. In HEK293 cells, CK2 phosphorylates Brd4, which triggers Brd4 binding to acetylated histones at target gene promoters to activate transcription 14 . In neurons, CK2 is important in regulating synaptic strength 27, 28 and is activated by BDNF stimulation 22 . We found that BDNF-induced targeting of Brd4 was blocked by pretreatment with the CK2 inhibitor TBB as well as Jq1 (Fig. 4a-c) suggesting that Brd4 is activated by CK2 in response to neuronal activity. Importantly, this short TBB pretreatment did not prevent MAPK phosphorylation demonstrating upstream signaling is intact ( Supplementary Fig. 4j ) and neither TBB nor Jq1 prevented BDNF-induced CREB Binding Protein (CBP) association with chromatin demonstrating other transcriptional cofactors are still recruited to target genes ( Supplementary Fig. 4k-m) . If Brd4 activation by CK2 is necessary for the activity-dependent transcription then CK2 inhibition should also block the activity-induced increase in IEGs. Fitting with this model, pretreatment with TBB blocked the increase in Arc, Fos, and Nr4a1 mRNA (Fig. 4d-i) as well as Arc protein levels ( Fig. 4j-k) . To control for off-target effects of TBB, we confirmed that transfection of Ck2 siRNA also blocks Arc induction ( Supplementary Fig. 4n-p) .
To further support our proposed mechanism of Brd4 phosphorylation induced chromatin targeting, we examined the movement of Brd4 after neuronal stimulation using FRAP. Using live neurons, we photobleached a region of the nucleus of expressing EGFP-Brd4, and observed the recovery of the signal in the bleached region over time to measure the mobile fraction of Brd4. As expected, Jq1 increased the mobile fraction ( Supplementary Fig.  4q ). The mobile fraction of Brd4 also increases after BDNF treatment, presumably as it is activated and relocates to acetylated chromatin. However, the enhanced mobility of Brd4 was blocked by TBB ( Fig. 4l-n) indicating CK2 is responsible for this effect.
To better understand the mechanism of Brd4 activation in neurons, we examined the specific serine residues in the CK2 site in Brd4, S492 and S494, that are critical to Brd4 activation 14 ( Fig. 5a ). We developed a novel, site-selective antibody against a peptide containing the Brd4 CK2 site with phosphorylated S492. Using a dot blot assay, we found that the affinitypurified antibody specifically bound a peptide phosphorylated at S492 as well as a peptide phosphorylated at both S492 and S494, but failed to recognize the unphosphorylated peptide ( Supplementary Fig. 5a ). Next we used neuronal lysates to determine the specificity of the antibody in cells and observed a band matching the size of full length Brd4 that was not present in lysates treated with phosphatase, although other small molecular weight bands were also observed at high exposures ( Supplementary Fig. 5b ). We observed a robust BDNF-induced increase in the phospho-Brd4 signal that was lost with TBB pretreatment (Fig. 5b) .
Next, to ensure that the effects of CK2 inhibition and knockdown are due to its effects on Brd4 and not an indirect effect of other CK2 targets, we tested the critical target residues in the CK2 phosphorylation site in Brd4. We created a full (delCK2) and partial deletion (del4920494) and a point mutation (S492A) in the CK2 site in Brd4. Transfection of wildtype Brd4 increased Arc expression even in the absence of exogenous stimulation. However, this effect was greatly reduced when the CK2 site was mutated or deleted. Conversely, a phosphomimic (Brd4-pm) at the key serines in Brd4 (S492E and S494E) resulted in an even greater increase in Arc expression (Fig. 5c, d ). This demonstrates that phosphorylation of the CK2 site within Brd4 is necessary for its ability to activate transcription of Arc. We also repeated our FRAP assay and found the S492A mutant decreases Brd4 mobility, presumably by preventing activation of Brd4 from endogenous signaling while the phospho-mimic Brd4 behaved similarly to BDNF-stimulated Brd4
showing an increased mobile fraction (Fig. 5e) . Finally, we sought to confirm that this increase in the mobile fraction corresponds to a translocation to active chromatin. We focused on acetylated H4K16, which recruits Brd4 and increases in response to BDNF ( Supplementary Fig. S3d ). We found moderate colocalization of H4K16acetyl and wildtype Brd4 under basal conditions that was enhanced with BDNF stimulation as expected. We then tested the phospho-mutant and mimic forms of Brd4 and determined that the S492A mutation decreased H4K16acetyl colocalization while Brd4-pm mutations increased colocalization as measured by Pearson's coefficient ( Fig. 5f and Supplementary Fig. 5d-e) . Together, these data support a model in which CK2 phosphorylates Brd4 in response to neuronal activity resulting in Brd4 binding to target promoter regions and increased transcription of target IEGs.
Brd4 affects neuronal receptor proteins
In neurons, IEGs regulate the response to activity by changing the receptor content of synapses both by directly modifying synaptic proteins and altering gene expression of these proteins 29, 30 . Thus, the prolonged loss of IEG activation resulting from Jq1 treatment may affect neuronal function by changing critical synaptic proteins. In addition, RNA-sequencing data suggest that Jq1 treatment affects transcription of synaptic proteins and receptors in neurons (Fig. 2d) . We therefore examined the GluA1 subunit of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), the major excitatory receptor in neurons. Jq1 treatment decreased transcript levels of Gria1 (Fig. 6a) , the gene encoding GluA1, and decreased total GluA1 protein (Fig. 6b ). Jq1 did not affect Gria2, which unlike Gria1, lacks activity-responsive promoter regions 31, 32 . These changes, as well as those observed on IEGs, occurred slowly over the course of several hours of Jq1 treatment ( Supplementary Fig. 6a ). To confirm that decreasing the total pool of available GluA1 results in decreased surface expression, we used a surface-staining assay that specifically stains receptors expressed on the exterior of dendrites. We found that both Jq1 and Brd4 siRNA, but not Brd2 or Brd3 siRNA, decreased GluA1 surface expression in both cortical and hippocampal neurons without affecting spine number ( Fig. 6c-g, Supplementary Fig.  6b -e). Increasing Brd4 expression resulted in a small, but significant, increase in GluA1 surface expression ( Fig. 6g-i) . We again compared the long and short forms of Brd4 and found that full length Brd4 GluA1 increases surface expression while the short isoform does not ( Supplementary Fig. 6f ), indicating that Brd4 functions by recruiting co-activating complexes to the promoter of target genes. Gria1 may be a direct target of Brd4 because Brd4 ChIP assays show a high basal level of Brd4 at Gria1 regulatory elements in the promoter region and the small BDNF-induced increase in Brd4 binding is not seen with Jq1 ( Supplementary Fig. 6g ). In addition, we observed a non-significant increase in histone acetyl marks at the Gria1 promoter following BDNF treatment ( Supplementary Fig. 6h ). These data provide support for RNA-sequencing data showing that Jq1 affects synaptic proteins and demonstrate that Brd4 affects the expression of a critical subunit of a major excitatory receptor in neurons.
Jq1 treatment affects memory formation
Based on the importance of Brd4 in controlling critical neuronal proteins, we examined whether Jq1 affects brain function in WT adult mice. We injected adult male mice with Jq1 (50mg/kg) daily for one week or three weeks before performing behavioral tests. Jq1 has excellent blood brain permeability 33 and similar to previous reports, we found that Jq1 is well tolerated in mice at this dose and schedule 17, 18, 22, 23 ( Supplementary Fig. 7a) . In an open field test Jq1 did not affect distance travelled or zone preference indicating Jq1 does not cause problems with mobility or anxiety (Fig. 7a, Supplementary Fig. 7b-d) .
We next used a novel object-recognition task (Fig. 7b ) in which mice were briefly exposed to 2 identical objects and later presented with one familiar and one novel object. If mice remember the previous objects they will subsequently spend more time with a novel object 34 . All groups behaved similarly during habituation and the initial exposure although mice receiving Jq1 for 3 weeks explored less during testing ( Supplementary Fig. 7e-g ). Strikingly, while control mice preferred the novel object as expected, Jq1-treated mice showed no preference (Fig. 7c) . However, when mice were tested immediately after the initial exposure, control and Jq1 treated mice performed equally well ( Supplementary Fig.  7h -j) suggesting that Jq1 does not disrupt learning or short-term memory but instead affects long-term memory. To control for possible health issues resulting from long-term treatments, we injected mice with a single dose of Jq1 or DMSO either 6 hours before or within 30 minutes after their initial exposure to objects and tested the following day. We found a complete loss of preference in mice that received a single dose after training compared to control mice (Fig. 7d ). This suggests that Jq1 given during the process of memory consolidation can block long-term memory formation. The smaller effect observed after a dose given before training may be due to a smaller amount of Jq1 remaining in the brain during the consolidation process several hours later.
We also tested a fear-conditioning paradigm of 3 tones paired with shocks to determine the extent of the memory deficits (Fig. 7e) . All mice learned both cued conditioning and the context-dependent conditioning ( Supplementary Fig. 7k , l) demonstrating that Jq1 did not affect this simple behavior dependent on the amygdala. However, mice given Jq1 for 3 weeks froze more in a new context suggesting they were less able to distinguish between the training context and a new context. This indicates that the more difficult hippocampaldependent test of context discrimination may also require BET protein function (Fig. 7f) . Together, these data provide in vivo support of our cell-based data demonstrating that Jq1 disrupts the transcriptional responses that are critical to neuronal function.
Jq1 treatment decreases seizure susceptibility
To confirm that Jq1 has similar effects on neurons in vivo as it does in vitro we examined tissue from mice after behavioral testing. Despite the heterogeneity of cortical tissue we found either trends or significant decreases in IEGs, Gria1 and GluA1 protein ( Supplementary Fig. 8a, b) . Long-term decreases in Gria1 and other synaptic proteins (Fig  3c) may dampen of synaptic strength which also has implications for other aspects of mouse behavior. We hypothesized that if Jq1 effectively decreases neuronal firing though regulation of synaptic proteins, then Jq1 treatment might decrease seizure susceptibility because seizures result from excess synaptic excitability. We injected adult male mice with Jq1 or DMSO for one week and then induced seizures with pentylenetetrazol (PTZ) (50mg/kg) (Fig. 8a) , which inhibits GABA-A receptors resulting in increased excitatory activity. Jq1 treated mice showed decreased seizure susceptibility, as measured by a modified Racine scale which measures both severity of seizure and latency to onset of each seizure stage 35, 36 . In addition, while approximately 30% of control mice died after seizure induction, all Jq1 treated mice survived and recovered faster as measured by a return to normal movement (Fig. 8c, d, Supplementary Fig. 8c, d ). Similar but more variable effects were observed in female mice ( Supplementary Fig. 8e, f) .
We also tested the kindling method of seizure induction in which DMSO or Jq1 was given within an hour before mice receive a sub-threshold doses of PTZ 37, 38 . This is repeated every two days for two weeks and experimental mice as well as an additional non-kindled group are tested again two weeks later (Fig. 8d) . Mice typically show increased seizure induction over time as PTZ-induced increases in neuronal firing enhance the strength of neuronal connections intensifying the response to future doses 37 . Mice are considered kindled if they show enhanced susceptibility that is maintained for several weeks. Jq1 had little effect during initial treatments, possibly because mice had only received a small number of doses of Jq1. However, on day 30, only the DMSO-treated mice showed 'kindling' compared to the non-kindled group (Fig. 8e-f, Supplementary Fig. 8g , h) These data indicate that Jq1 treatment has similar effects on neuronal function in vivo as we observed in vitro and raise the intriguing possibility of using BET inhibitors for treatment of epilepsy.
Discussion
Our results demonstrate that Brd4 is expressed throughout the brain and plays a critical role in activity-dependent transcription. Neuronal activity acts through CK2 to increase Brd4 association with chromatin. Brd4 then promotes transcription of critical IEGs and synaptic proteins ( Supplementary Fig. 9 ). We found that Jq1 inhibition of Brd4 and its family members blocked novel object preference, indicating impairments in memory consolidation. In addition, consistent with its effects on synaptic proteins, Jq1 treatment also decreased seizures susceptibility in mice. This is the first demonstration that Brd4 has a critical function in neurons and that BET protein inhibition affects memory consolidation.
Implications for the clinical use of BET inhibitors
Our data demonstrate that Brd4 is necessary for rapid activation of genes. As has been demonstrated by numerous groups, the first few minutes following a burst of neuronal activity are of critical importance for a cell to activate the appropriate transcription response [3] [4] [5] [6] . Loss of this rapid response may represent the mechanism through which Brd4 inhibition prevents long-term memory formation after.
BET protein inhibitors have been proposed as a treatment for several types of cancer and are currently in clinical trials. Initial mouse studies reported that Jq1 was well tolerated, 17, 18, 23, 33 and we did not find obvious deficits in the health or mobility of mice. However, our study provides new evidence that use of such inhibitors causes memory deficits in mice and thus may also cause neurological problems in patients receiving these drugs. Our results suggest that compounds that do not cross the blood brain barrier may pose less risk of neurological side effects for patients.
The role of CK2 in neurons
Casein Kinase 2 has several established functions in neurons in addition to regulating Brd4. CK2 phosphorylates GluA1 and GluA2 subunits of the AMPA receptor to promote its expression 27 and regulates composition of the NMDA receptor 28 . These synaptic actions of CK2 promote synaptic strength as does the role we propose for CK2 in regulating Brd4. This dual function would allow CK2 to act immediately on the synapse by directly phosphorylating synaptic proteins while also acting through Brd4 to promote expression of these same genes in order to consolidate synaptic changes. The effects of the CK2 inhibitor TBB have also been tested in vivo in an epilepsy model 39 . TBB treatment blocked recurrent epileptiform discharges in hippocampal slice preparations after magnesium removal. We demonstrated the Jq1 results in decreased seizure susceptibility (Fig. 7) suggesting that some of CK2's effects on epileptiform discharges may be the result of its action on Brd4 as well as its effects on the synapse.
BET inhibitors as epilepsy drugs
We found that Jq1 decreased the seizure susceptibility, potentially by decreasing levels of the GluA1 subunit of AMPARs which have been linked to epilepsy [40] [41] [42] [43] [44] [45] [46] [47] . Decreased levels of other gene targets that regulate synaptic function may also contribute to the seizure effect though mechanisms such as phosphorylation of GluA1 48 . Although the dose we tested resulted in memory deficits, it is possible that in an overactive epileptic brain Jq1 would restore normal levels of synaptic proteins. Most epilepsy treatments directly target synaptic proteins and receptors. Jq1 treatment represents a novel approach by targeting a protein responsible for the transcriptional regulation of these synaptic receptors instead of modifying proteins already present at the synapse. While many cases of epilepsy respond to available treatments, a significant portion of patients are refractory to current drugs 38 . It is possible that this novel approach of targeting transcriptional regulators of synaptic proteins rather than targeting synaptic proteins directly may provide a more robust method of dampening the heightened synaptic activity leading to seizures and could provide new avenues of treatments for these patients.
Online Materials and Methods
Cell culture
Neurons were isolated from E16.5 cortices of C57BL/6 mice (Charles River), dissociated in Optimem media with 20mM glucose and plated at 600,000 cells per mL on coverslips or plates coated with poly-D-lysine. One hour later Optimem media was replaced with Neurobasal media supplemented with Pen/Strep, Glutamax and B27 supplement. 3 days after plating, AraC was added to the media to prevent glial cell growth. Neurons were typically used at 12 days in vitro. Glial cells were isolated from P1 cortices, dissociated and grown in DMEM media with 10% fetal bovine serum and Pen/Strep. Media was changed every 3 days and cells were passaged to ensure that no neurons remained in the culture.
Transfections were performed using lipofectamine 2000 (Life Technologies). Neurons were put in a 1mM kynurenic acid solution during transfection to prevent excitotoxicity. Lipofectamine and DNA complexes were left on neurons for 15 minutes. Transfections were performed at 10 DIV for constructs expressing Brd4 and cells were fixed one to two days later. siRNA transfections were performed at 7 DIV and cells were stimulated and fixed 5 to 7 days later. Brd and CK2 siRNAs were from Dharmacon (LG-041493-00-0002 for Brd4 and L-058653-00-0005 for CK2). Target sequences of Brd4 siRNAs are ACAATCAAGTCTAAACTAG, TTACTGGAATGCTCAGGAA, GAGGATAAGTGTAAGCCCA, and GTACAGAGATGCCCAGGAA. Target sequences of CK2 siRNAs are CCGAAGAGCCCTTTAAATA, GGTCAGGGTTTACAGAGTA, CTGAACGAATCATGTCTTA, and TCACCTGGCATCATAGATA. For infections, control or Brd4 lentivirus was added to neurons on day 10 and neurons were stimulated and lysed 3 days later. Brd4 lentivirus contained a pool of 4 siRNAs from Applied Biological Materials (ABM) uses a dual convergent promoter system to express sense and antisense siRNA from different promoters. Target sequences of siRNAs are GGGTGAACTCACGTCAGAA for control virus (ABM LVP015-G) and GTGGATGCCGTCAAGCTGAACCTCCCTGA, GGACTTCAAGCACTATGTTTACAAATTGTT, GGAGATGACATCGTCTTAATGGCAGAAGC, and CCCAGGAATTTGGTGCTGATGTCCGATTG for Brd4 (ABM iV038675). The constitutively expressed Brd4 was from K. Ozato. Stratagene site directed mutagenesis kit was used for creating mutations and deletions. TBB (Tocris 2275) was used at 50μM, BDNF (PeproTech 450-02) was used at 50ng/mL. Tetrodotoxin (Abcam ab120055) was used at. Jq1 was used at 250 nM.
N2A cells were grown in DMEM with 10% serum and tested for mycoplasma infection regularly. N2A transfections were performed in DMEM using lipofectamine 2000 (Life Technologies). Lipfectamine and DNA complexes were left on cells overnight. Cells were harvested for analysis 5 days after transfection.
Western blotting
Cells were lysed in RIPA buffer and lysates were separated by SDS-PAGE and transferred to PVDF paper. Antibodies used were Brd4 (Bethyl A301-985A, 1:1000), NeuN (Millipore MAB377, 1:500), GFAP (Abcam ab10062, 1:1000), Gapdh (Abcam ab8245, 1:500), MAPK (Cell Signaling 4695P, 1:3000), phosMAPK (Cell Signaling 4370, 1:3000), H3 (Abcam ab1791, 1:4000), H4 (Abcam ab10158, 1:4000), H3K14ac (Active motif 39697, 1:500), H4K16ac (Active motif 39167, 1:500). Phospho-Brd4 was developed with Millipore. The best bleeds were affinity purified against the phosphorylated target peptide and immunodepleted against unmodified Brd4. Blots were imaged on an LAS3000 system (FujiFilm).
Reverse transcription, Quantitative PCR, and ChIP
RNA was purified using the QIAGEN RNAeasy kit and reverse transcribed using the applied biosystems kit. qPCR was performed with Power SYR green PCR master mix (applied biosystems) on an applied biosystems quantitative PCR system run using StepOne software. ChIP was done as previously described 1 . Chromatin shearing was performed with a Bioruptor300 (diagenode) at 4 °C, for 55 cycles of 30 seconds on and off. Immunoprecipitation was performed using 5 μg of antibody bound to 50 μL of magnetic Dynabeads M280 (life sciences). DNA was purified using the QIAGEN Qiaquick PCR purification kit. Antibodies used were Brd4 (Bethyl A301-985A, 5μg/chip), Brd2 (Bethyl A302-583A, 5μg/chip), Brd3 (Bethyl A302-368A, 5μg/chip), H3K9ac (Millipore 07-352, 5μg/chip), H3K14ac (Active motif 39697, 5μg/chip), H4K12ac (Upstate 05-119, 5μg/chip), H4K16ac (Active motif 39167, 5μg/chip), CBP (Santa Cruz 7300, 5μg/chip). GluA1 forward: ATCTGGCTGTCAGTCGGTGT GluA1 forward: AAAGAAGCCCTGGTCCAAC
RNA-sequencing sample preparation and analysis
RNA was collected and prepared using a Qiagen RNAeasy kit and the TruSeq RNA Sample Preparation Kit v2 (Illumina). Sequencing was performed with an Illumina HiSeq2500 system. Reads were aligned to the mouse mm9 reference genome using Tophat 2.0.11 2 .
Reads with two or fewer mismatches with a maximum of 20 hits for each read were used. Transcript levels were analyzed with Cufflinks 2.2.1 3 . Expressed genes were defined as those with an fpkm of 1 or above. BDNF-induced genes were defined as those with a significant increase in expression with 10 minutes BDNF treatment using a p value with a Bonforroni correction. David ontology cluster analysis was to determine gene groups enriched in Jq1 up and down-regulated groups of genes of fpkm of 1 or above. The RNAsequencing dataset is available at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc=GSE63809.
Immunohystochemistry
Adult mice were perfused with 4% paraformaldehyde and brains were removed and kept in paraformaldehyde overnight. Tissue was then washed in PBS and processed for paraffin embedding at the Molecular Cytology Core Facility of Memorial Sloan Kettering Cancer Center using Leica ASP6025 tissue processor. Brains were embedded in paraffin, and paraffin sagittal sections of 5 microns were cut on a Leica RM2155 microtome and collected on superfrost plus slides (Fisher scientific). Slides were baked for 1 hour at 60°C before deparaffinization and staining.
Staining was performed at the Molecular Cytology Core Facility of Memorial Sloan Kettering Cancer Center using a Discovery XT processor (Ventana Medical Systems). For GFAP and Brd4 co-staining, slices were first stained for Brd4 (Bethyl A301-985A, 2μg/ mL). The tissue sections were blocked for 30 minutes in 10% normal goat serum and 2% BSA in PBS. The incubation with the primary antibody was done for 5 hours, followed by 60 minutes incubation with biotinylated goat anti-rabbit IgG (Vector labs PK6101, 1:200 
Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 10 minutes, washed with PBS and permeabilized in 0.1% triton in PBS for 10 minutes. Cells were then blocked for 1 hour in 2% serum, 3% BSA and 0.1% triton in PBS and then primary antibody was added in the same solution overnight at 4°C. Cells were washed in PBS for 3 10 minute washes and put in secondary antibody for 1 hour at room temperature. After an additional 3 washes, coverslips were mounted with prolong gold antifade solution (Invitrogen). For surface staining assays, GluA1 antibody was added for 30 minutes to the media live cells at 37°C before fixation. Cells were then blocked without triton and secondary antibody was added immediately following the blocking step. Antibodies used were Brd4 (BethylA301-985A, 1:1000), Arc (Santa Cruz 365736, 1:100), GluA1 (Millipore 2263, 1:300), CK2 (Peirce/ Thermo PA5-28686, 1:100), H4K16ac (Abcam 109463, 1:500) and secondary antibodies were AlexaFlour 647 Donkey anti-mouse (Jackson 715-605-150, 1:500) and Rhodamine Red-X goat anti-rabbit (Invitrogen R6394, 1:500).
Microscopy equipment and settings
Slides were imaged at room temperature on an inverted Lieca DMI 6000, TCS SP8 laser scanning confocal confocal microscope with a 405 nm laser and a fully tunable white light laser (470-670 nm) with an acousto-optical beam splitter. The microscope uses 3 gated HyD detectors and one PMT detector and both a conventional scanner and a resonant scanner. Objectives used were a 63x HC PL APO CS2 oil objective with a NA of 1.40 and for whole brain images a 10x HCX PL APO DS dry objective with a NA of 0.4. Type F immersion liquid (Leica) was used for oil objectives. For brain images, the Lieca super-z stage and rapid tiling system was used to compile images. For glua1 surface staining, z-stacks spaced at 0.5 microns were used to image the entire dendrite. For 63x images, images were 184.52 by 184.52 microns, 1052 by 1052 pixels, (5.701 pixels per micron), and 8-bits per pixel. For 10x images, images were 1162.5 by 1162.5 microns, 1052 by 1052 pixels, (0.881 pixels per micron), and 8-bits per pixel.
ImageJ was used to crop images and merge channels into composite RGB images. Photoshop was used to adjust individual channels. In all cases, identical adjustments were applied across all images used in an experiment for each channel. No deconvolution software was used. All image analysis as performed in ImageJ. For Arc staining quantification, a region of interest was selected in the cell body, outside the nucleus, and the average intensity was measured. Regions were selected using dapi and gfp channels and then applied to the Arc channel such that the analysis was performed blind to the Arc staining. For Brd4 staining quantification, the same process was used but inside the nucleus. For surface GluA1 quantification, the z-stacks were summed using ImageJ to create one image per channel. GFP images were converted to binary and used to create a mask surrounding the transfected dendrite. The mask was then applied to the GluA1 image and the average intensity within the dendrite was measured. This was automated using ImageJ macros to prevent user bias. For all image analysis, an average background intensity value was subtracted from each intensity value. To allow for comparisons across experiments, the average control cell value was set to 100 and all conditions were normalized to this value.
Behavior
All experiments were approved by the Institutional Animal Care and Use Committee of the Rockefeller University. C57B/6 male mice (Jackson) were housed up to 5 mice per cage in a 12 hour light-dark cycle. JQ1 (APExBIO) was administered to 2-3 months old mice via intraperitoneal injections. Each mouse was injected daily for 1 week or 3 weeks before testing began with either JQ1 at 50mgs/kg dissolved in DMSO or DMSO alone, diluted into cyclo-dextrin (Sigma). Mice were randomly assigned to groups and groups were then checked to ensure that the average weight per mouse of each group was equivalent at the beginning of the experiment. Injections continued during the week of behavioral testing and testing was performed during the light cycle. Open field testing was performed first and activity was measured for 1 hour. Fusion 3.2 was used to track mice and analyze movement.
One day after open field testing, mice were habituated to the novel object recognition box for 10 minutes. One day later mice were habituated for an additional 2 minutes and then 2 identical objects (either a faucet or a lego pyramid) were placed in the box and mice were given 10 minutes to explore. On the following day, mice were returned to the box with one object they had previously seen and one new object in place of the original object and allowed to explore for 10 minutes. All sessions were recorded using ethovision software. Time spent interacting with each object was manually analyzed. Discrimination index was calculated as (% time with novel object − % time with familiar object)/(% time with novel object + % time with familiar object). Fear conditioning tests began 1 day after novel object recognition. Mice were placed in a small box and allowed to explore for 2 minutes. A tone was played for 20 seconds followed by a 0.7 mAmp shock. This was repeated once per minute for 3 shocks total. After an additional 2 minutes, mice were removed from the box. One day later mice were returned to the same box for 7 minutes to measure context dependent freezing. Then the flooring, wall covering, and smell of the box was changed and mice were returned to the box. The tone was then played in the same patter as the original training session without a subsequent shock to measure cued learning. Fear conditioning sessions were run and recorded using FreezeFrame 3 software and scored manually in random order. All experiments were carried out and analyzed with the experimenter blind to the treatment group. One mouse was excluded from analysis because the lights went off in the facility during the discrimination test so the data could not be analyzed.
For novel object 'learning' testing, mice were habituated to the novel object recognition box for 10 minutes. One day later mice were given 10 minutes to interact with 2 identical objects. Mice were then removed and one object was replaced with a novel object and mice were returned to the box and again allowed to explore for 10 minutes. For single dose tests, one cohort received a dose of DMSO in the morning approximately 6 hours before testing and a second dose of DMSO within 30 minutes of exposure to objects. One cohort received Jq1 in the morning and DMOS after testing and the final cohort received DMSO in the morning and Jq1 following testing. Mice were tested for novel object preference one day after the first exposure to objects. All sessions were recorded using ethovision software. Time spent interacting with each object was manually analyzed. All experiments were carried out and analyzed with the experimenter blind to the treatment group and which object was considered novel.
Seizure testing
JQ1 (APExBIO) was administered to 3 to 4 month old C57B/6 male or female mice (Jackson) via intraperitoneal injections. For acute seizure testing, each mouse was injected daily for 1 week before testing began with either JQ1 at 50mgs/kg dissolved in DMSO or DMSO alone, diluted into cyclo-dextrin (Sigma). Pentylenetetrazol (PTZ) (Sigma) dissolved in PBS was injected at 50mgs/kg via intraperitoneal injections. For kindling seizure testing, Jq1 was administered 1 hour before PTZ injection. Mice were observed up to one hour after injection or until recovery from seizure (defined by a return to normal movement). The modified Racine scale 4 used to measure seizure induction was as follows:
Stage 1: Hypoactivity culminating in behavioral arrest with contact between abdomen and the cage. 
Statistics
An alpha level of 0.05 was used for all statistical analyses. 2-sided t-tests were performed in excel. A bonforonni correction was applied when comparing multiple groups. No statistical methods were used to predetermine sample sizes but our sample sizes are similar to those reported in previous publications 20, 30, 37 . Data distribution was assumed to be normal but this was not formally tested. For fear conditioning, 2-way ANOVA was performed in R with post-hoc Bonforroni corrections for individual comparisons. For novel object testing, context discrimination was calculated by time spent with objects: (novel-familiar)/(novel +familiar). Univariate analysis was used for each individual group to compare to a context discrimination of zero. Degrees of freedom were calculated as the biological replicates minus one. For all other behavioral testing, t-tests with a bonforroni correction were used to compare between multiple groups. A supplementary methods checklist is available.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. , and Nr4a1 (c) (paired two-tailed t test, for Arc dmso treatments n = 10 biological replicates, P = 0.00955, t = 1.693, for TBB treatments n = 6, and for Jq1, n = 3, for Fos n = 8 biological replicates, P = 0.0303, t = 2.791, for TBB n = 6 and for Jq1 treatments, n = 3, for Nr1A1, dmso treatments n = 9 biological replicates, P = 0.0411 t = 1.987, for TBB treatments n = 5, and for Jq1, n = 3). (d, e, f) TBB pretreatment blocks increased Arc (d), Fos (e), and Nr4a1 (f) mRNA after 10 minute BDNF stimulation. (paired two-tailed t test, for Arc n = 14 biological replicates, P = 0.0215, t = 2.505, for Fos n = 14 biological replicates, P = 0.0175, t = 2.496, and for Nr4a1 n = 13 biological replicates, P = 0.0122, t = 2.926). (g, h, i) TBB pretreatment blocks increased Arc (g), Fos (h), and Nr4a1 (i) mRNA 10 minute after TTX withdrawal (paired two-tailed t test, for Arc n = 8 biological replicates, P = 0.0451, t = 2.485, for Fos n = 8 biological replicates, P = 0.0179, t = 2.728, and for Nr4a1 n = 6 biological replicates, P = 0.0437, t = 2.983). (j, k) Arc and Brd4 staining (j) and quantification (k) after TBB or vehicle pretreatment and 30-minute BDNF stimulation. (unpaired two-tailed t test, for control n = 108 neurons, for BDNF n = 131, for TBB n = 117, for TBB+BDNF n = 118 from 2 biological replicates, for control vs bdnf P = 7.42E-14, t = 7.962, for TBB vs TBB+BDNF P = 0,001, t = 3.331, for BDNF vs TBB +BDNF P = 7.598E-10, t = 6.408). (l, m) Example of images (l) and recovery curves (m) for FRAP of EGFP-Brd4 expressed in neurons. (n) Mobile fraction quantification of EGFPBrd4. (unpaired two-tailed t test, for control n = 120 neurons, for BDNF n = 113, for TBB n = 39, for TBB+BDNF n = 50 from 6 biological replicates, P = 9.98E-7, t = 5.02). *, p<0.05. ***, p<0.001. a.u. arbitrary units. s, seconds. Error bars represent standard error. Scale bar is 10 μM. = 61, for CK2 deletion n = 46, for deletion 492-494 n = 44, for S492A n = 54, for Brd4-pm n = 51 from 5 biological replicates, for GFP vs Brd4 P = 1.223E-8, t = 6.09, for GFP vs Brd4-pm P = 2.00E-13, t = 2.353, for Brd4 vs CK2 deletion P = 0.0011, t = 3.36, for Brd4 vs deletion 492-494 P = 0.00037, t = 3.689, for Brd4 vs S492A P = 0.0075, t = 2.724, for Brd4 vs Brd4-pm P = 0.0204, t = 2.353). (e) Quantification of the mobile fraction of FRAP performed on Brd4 with mutations in the CK2 domain (unpaired two-tailed t test, for Brd4 n = 57 neurons, for S492A n = 52 and for Brd4-pm n = 38 from 3 biological replicates, for Brd4 vs S492A P = 0.0001, t = 4.042, for Brd4 vs Brd4-pm P = 0.0085, t = 2.488). (f) Pearson correlation coefficient for H4K16acetyl colocalization with Brd4 with CK2 site mutations (two-sided two-tailed t test for Brd4 n = 35 neurons, for Brd4 + BDNF n = 21, for S492A n = 29, and for Brd4-pm n = 18 from 3 biological replicates, for Brd4 vs Brd4 + BDNF P = 0.0164, t = 2.477, for Brd4 vs S492A P = 0.00167, t = 3.286, for Brd4 vs SSS492A P = 0.035, t = 2.166. *, p<0.05. ***, p<0.001. a.u. arbitrary units. Full-length blots are presented in Supplementary Figure 11 . p'ase, phosphatase. Error bars represent standard error. Scale bar is 10 μM. Discrimination index of time spent with a novel vs familiar object one day after initial exposure to the objects (unpaired two-tailed t test, for DMSO n = 10 mice, for 1 week Jq1 n = 9 mice, and for 3 weeks Jq1 n = 10 mice, for DMSO vs 1 week Jq1 P = 0.0107, t = 2.88, for DMSO vs 3 weeks Jq1 P = 0.0094, t = 2.927, one sample t test for DMSO P = 0.00127, t = 4.85)..(d) Discrimination index of time spent with a novel vs familiar object one day after initial exposure after a single dose of Jq1 (unpaired two-tailed t test, n = 10 mice per group, for DMSO vs post-learning Jq1 P = 0.0376, t = 2.25, univariate analysis for DMSO P = 0.00262, t = 4.11). (e) Fear conditioning paradigm. (f) Percent of time spent freezing in a new context after fear conditioning (for DMSO n = 10 mice, for 1 week Jq1 n = 9 mice, and for 3 weeks Jq1 n = 10 mice, two-way ANOVA (treatment) P = 0.0135, F = 4.67 and unpaired two-tailed t test for DMSO vs 3 weeks Jq1 P = 0.0036, t = 3.34, df = 54). Discrimination index on a scale of −1 to 1: (% time with novel object − % time with familiar object)/(% time with novel object + % time with familiar object). ###, p<0.001 with univariate analysis. *, p<0.05. ***, p<0.001. n.s., nonsignificant. s, seconds. Error bars represent standard error. (c) Latency to the return of normal movement after PTZ injection (unpaired two-tailed t test n = 7 mice for DMSO and 6 mice for Jq1, P = 0.036, t = 2.388). (d) Model of seizure induction paradigm. (e) Seizure susceptibility score of mice on day 30 of kindling testing (one sample t test, for DMSO n = 4 mice, for Jq1 n = 4 mice and for non-kindled n = 6 mice, for DMSO P = 0.0473, t = 2.415). (f) Number of mice seizing during each day of testing. (g) Seizure susceptibility of mice seizing during each day of testing (initial n = 8 mice for dmso and Jq1 and N = 6 mice for non-kindled group, for DMSO vs non-kindled unpaired onetailed t test, day 13 P = 0.00555, t = 2.494, day 15 P = 0.0486, t = 0.928, unpaired two-tailed t test for day 30 P = 0.0265, t = 2.715). #, p<0.05 with univariate analysis. *, p<0.05. ***, p<0.001. min, minutes. Error bars represent standard error.
